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Introduction

- Thermalized, hot, and dense matter is created at RHIC

- Not a gas of weakly interacting partons.

What are the properties of this matter and how do we study them?

- Thermalized: collective flow
- Partonic: flow scaling with n,

- Dense: suppresses high P_hadrons, heavy quarks
modifies shape of jets
suppresses and regenerates(?) J/Y
- Hot: direct photon production above QCD calculations
- Strongly coupled: heavy quarks flow

A.Lebedev NNZ2006 — Rio de Janeiro, Brazil — 08/28/2006 2



The PHENIX Detector

PHENIX Detector

5 el The PHENIX Experiment is
o well suited for measuring the
properties of hot and dense

matter created in NN collisions
at RHIC

- identified hadrons
- photons and neutral
mesons

||||| % Cental Mogret ||| - leptons (e and )

Beam View

- acceptance is large
enough extract

200 o information about

collective flow and jets

- triggers for rare

||||| — Processes
South Side View North

£0C South
B
ulD
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The system is THERMALIZED:

COLLECTIVE FLOW
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Flow at RHIC - Introduction

) — <p§ - p§>
pz +p3
spatial anisotropy = properties of the matter ® momentum anisotropy

Elliptic flow = v, = 2" Fourier coefficient of momentum anisotropy:
dn/dp~1+2v,(p;) cos (2 @) + ...
Spatial anisotropy lost if system is not thermalized early.
Ideal fluid dynamics: v, scales with eccentricity; v /e independent of

system size; v, increases with c.. See talk by Akitomo Enokizono
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Flow - the results

Significant elliptic flow observed Hydrodynamic calculations with
for all identified particles zero viscosity and early
thermalization agree with data
N |PHEN.Ix FRFLIMII\I.IARY{lAu+ALIJ atﬁﬂﬂ?ﬁeﬂ Il'o'liiiml.llm hialsl O 6 1 O fm /C
> , - e - ’rher'm
< 0.3- ® Np. e te G Mt . P+P_ |
g K+K™ ad+d A e~ 15-25 GeV/fm3
£ * :
T 0.2 . + — 3 ] | I ]
g L . - + - B PHENI_')_( _
- o f & il o TEm i
2 [ o A ¢ 1 B . i
o 0.1- “T {> —~
...I': ~ (}ﬁ‘ 7] -1 _E_:?
o | ¢ 4 : + . 1 10k -
(T L . L n
.E I * | B Huovinen et al. i
< 0 _® : : L , | . PLB 503 (2001) i
0 2 4 i 1
Transverse momentum p. (GeVi/c) i ] |
- — p -
Implies _strongly _coupled " R TR
thermalized medium . L 2 AP
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Flow - eccentricity and system size scaling

Do you see a scaling?

Divide by eccentricity. Calculate eccentricity

from Glauber model

"0 010%  AutAu(Sm=200GeV |
0.2l :m-zn% AU g OR
2 4 20-30% — . .

| 3040% A S Use integrated (over P_) v_ since

B L n ] .y . . .
o0 s, " ! it is proportional to eccentricity

0.1— Aom —

L i g . ¢ - = -

| 4w . _ L i

ry | - - _

j !:. . ] 0.8 31 : s -

i ] —l = . ~D. & ' i

0 —_— E -E' : E =

- - 0-10% Cu+Cu, Sy = 200 GeV - Els 06 B -

C 010-20% ] = i . i

0.15 Ezn-anﬂi 3 - E § i o -

- 30-40% i il N =l = 0.4 P _

L M| . (= =)

o | %) . ~ * B - m
™ 01— . 0 ] — ,'.'.-I.": - & _|
> F i o : I i

u A0 0 ] 02 _H _

| . _ L [} _

005/ £5° - i PHENIX Preliminary -
B %5 ] n_ ] | ] ] ] ] | ] ] ] ] | ] ] ] 1 i
oF . 0 1 2 3 4
) —_— GeV/
0 1 2 3 4 Py (GeVic)
p; (GeVic)

v, scales with eccentricity and system size: indicates high degree of thermalization
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The system is PARTONIC:

COLLECTIVE FLOW
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n'a T T T

L @ = (PHENIX} <5 p (PHEMNIX)

Ll K (PHENIX)} O A (STAR)
K2 (STAR) [0 = (STAR)

— 1 r v r 1. | r 11 1 1 11
(b} -

g

o "ﬂl_¢

Flow: KE_ and n scaling

T | T T T 1 I T T T T I T T T 1 T T T
(a) 4

PHENIX Preliminary

| ot b

KEr = m; - m,
transverse kinetic

energy of a particle

°-1:— {.:%ﬁ] — - in relativistic fluid
i _{%ﬁ% 1 E KE; scaling alone |
e 1
0 LN R I | L b
° ! Pr {ée\ﬂc] 3 4 ! KE, {va] 3
T e v @] KE;scalings
o " EHEN O A (STaR) : Hydrodynamic
. o behavior
_ ﬁ 2.3 Mﬁw =
~~ - o I
~0.05| ot 1N scaling:
_-'ﬁ Evidence for
iy Nk Scaling alone KE; + n,,. scaling partoniC flow
0 _|.. A ETETETErEN R RTETETEN SRR i Ll L
0.5 1 1.5 2 1 1.5 2
pP/n (GeV/c) KE,./n (GeV)
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The system is DENSE:

HIGH P_ SPECTRA SUPPRESSION

A.Lebedev NNZ2006 — Rio de Janeiro, Brazil — 08/28/2006
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High P_ suppression - introduction

Nuclear modification factor:

High P_ particles:
- created early by hard scatterings

- sensitive to the entire lifetime of the system

- “calibrated” by pQCD
- interact with medium via the strong force

E

d’N

R AA =
TAA

dp’ EAA

d%%
PP

dp*

o 1 E— L
E ol PHENIX Run5, Preliminary 102
S 102 KKP FF (calc. by W.Vogelsang) T - o et
£ g S " e PHENIX preliminary o g
= _ 3 > 1F ® 0-10% = 10
nﬂ_m = 5 - ":' Au+Au s, =200GeV m-zu%ﬂgj
= = s & 30-40% x 10
o o5 zZ& L, B 40-50% x 10°
= —a " -6
W 4g¢ S e e, . e070% 107
L 3 »
E e = u ] » ... n, B, -8
7 ey I » ™ i TO-B0% = 10
104} - ﬁ;m B ;'.',. "-.:::-..... B 80-92% = 10°
10 L ™ ey oy
e 100 % & W Ve *se_ %000,
10{': 9.7% scale uncertainty ™ — ;-;‘.,.‘n -. ®s e T*‘. L ;T
- . . = - A | .'-. kLl ’ T
100 is notincluded 10 10 o » %y e * T -
a = L1 [ P | B H O "‘ l‘ .. -...' ol T 3 L L
8 - A2 N .. LL‘ l].. «l.'!! Fet oy
9 1LC 107° ® Vo Te, Tay e -!' '
K gs &y L 1] L 4
8 /\\_4\/ | l. o, 4*‘ 1‘1 !!!
a0 M 1014__ .. -u.-:.'-l_-:_n ‘U- e LY & - n T T
g - - -+ :_ I.. "i-r"._."'-_:u__:uc_'_ ) Bygy it .} .
E,."I — 10_15 N ‘.. ':-l':.".‘.!_au-,:__g__ TT 'T .T. |
0 5 10 15 20 - “n-!" ok 7
P (GeVie) a8l Leovlooi b o B lovolanalisl
101BDI | I|2I | 14I | IBI | Ial | I1DI | I12I'| I14I 1 I16I | I13I | 720
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1.5

0.5

High P_ suppression in AuAu

I*T I

| i | | l I | |

I A I

PHENIX prellmlnary
Au+Au 200GeV 0-10 %

h*+h /2
o« 10

.

theoretical curves for z°

|.Vitev dNdy=800
— | Vitev dNdy=1200

Suppression is very
strong and flat up to
20 GeV/c

Consistent with
gluon density in the
matter dN/dy=1200

Matter is so opaque that even 20 GeV/c 1 are strongly suppressed

A.Lebedev
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0.5

Control experiment:

[ 0-20 %

;] ¢ T {

0.5[

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I I
uﬂ 123 4567 B 9 10111213141515

p; (GeVic)

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I I
uﬂ 1234567 B 9 1D11121314151E

p; (GeVic)

g 2r

1.5

=

0.5

dAu

 20-40 %

=2
o
[ %] ==
e -
N
e b
&nE
~E
wmE
m_

1D11121314151E
p; (GeVic)

s 1

_IIIIIIIIIIII I I I I IIIIIIII
uﬂ 12 3 4 5 'E i B

ln_

1D11121314151E
p; (GeVic)

No significant initial state effects in dAu

A.Lebedev
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The system is PARTONIC:

HIGH P_ SPECTRA SUPPRESSION

A.Lebedev NNZ2006 — Rio de Janeiro, Brazil — 08/28/2006
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Suppression for mesons and baryons

= L ' |
;é " Au+Au 0-5%
x e i i
2 K™+K' A ]

3
p; (GeVic)

Common suppression for

and n but protons are different:
suppression at partonic level

PHENIX Au+Au (central collisions):
Direct y

7% Preliminary
gl

10

GLV parton energy loss (dN%/dy = 1200)

RAA
T T
b
<«
L

—
T IIIIIH‘

—

®)

Orrrm
N

.

i

00

TR I I
10 12 14 16 18 20

p;(GeV/c)
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Jet Correlations
Another way to look at the same processes

Dijet event in a hot QCD medium

= - T 1 - = = ] = = T T
j PHENIX Preliminary
: black — dAu
- red - pp
0.2 $
Trigger on one leading hadron, and look 0_1_- ° (éo
for associated particles, “near” and “away” 5 W
- correct for non-uniform PHENIX ke 2 .;Q r
acceptance 0 ®
- jets are identified statistically ﬂﬁ% | W‘M o %{?
- model independent 0 2 A 4

Baseline measurement in pp and dAu:

Are jets modified in medium?

A.Lebedev
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Jet modification in AuAu

Yes! 0.07C ®  Centraliy: 0-10%

- B Centrality: 30 - 40% x 0.3
0.06F

#  Centrality: 60 - 92% = 0.048

Away-side jet is broadened 0.05;
and split in central and 0.04F
mid-central collisions .
(Mach cone? Cherenkov U
radiation? 0.02:

0.01

PHENIX Preliminary

Can we measure medium .
properties from the Shape? -0.01:_I | | | L | | | | | | | | | L | | L | | | | | | | | | |
(sound velocity or dielectric -1 0 1 2 3 4

constant) AP
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The system is HOT:

DIRECT PHOTONS

A.Lebedev

NNZ2006 — Rio de Janeiro, Brazil — 08/28/2006
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Direct Photons

Thermometer of the plasma (thermal radiation from QGP?)
Penetrating probe: does not interact strongly
In AuAu measurement is simplified by the hadron suppression
PHENIX has measured direct photons in pp, dAu and AuAu
pp: good agreement with pQCD calculations
dAu: no indication of initial state effects
AuAu: what can we learn from direct photons?
at high P_ consistent with N__ | scaled pQCD

% « 10
"-‘; ® BHENIX Prelimi § 10" F direct photon
g . s repee-scnte my sloraate crror. > L., Au+Au sy, = 200GeV
210 3 ~ NLO pQCD (by W.Vogelsang) g 10° Ttrea, PHENIX preliminary
P - CTEQSM PDF — .
=] u=1/2pg P 2Pr > 0'5 = * min. bias » 10°
© zle L .o
- L 2
o ke %10 F ¢ *—— & 0-10%x 10"
2 [y
- - -9
10 - 2510 il 10-20% 107
&0 e,
B L e, 20-30% = 10
N1 0-13 - I . & - -
— "ap, T e 30.40% < 10°
10 105 = g -
g - 1 AL, u - .
» o — r B0 . 1078
- 107 _ A““ . W 40-50% x 10
i 10.19 il el | am i e 50-80% < 107
21 = ! ! " F u u
TF . \ 107 = I . E é t 3 $ B 60-80% x 10
- 23
i 10 c I t I I 1 I & 80-92%x 107
Lo b b v o v v b Lol 10-25_|||||||||||‘||||||||||||||||
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16
p.(GeV/c) p(GeVic)
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Direct Photon RM

PHENIX Au+Au (central collisions):

= u Direct y
A 10 | A :’J Preliminary

GLV parton energy loss (dN%dy = 1200)

CIII1 1
=i
w| Z,
I
>
>
Y
| I Illlli
<p—
. 4
i
i
ine e
P
e
—-
gy
e
I—r;—.—i—{
..
|:ﬁ
—
..

O,
IIIII|

S ENETETEN ERTET A R AR A
8 10 12 14 16 18 20
p;(GeV/c)

O
N
L_
o

Photons remain unsuppressed
Hadron suppression is not an initial state effect
Direct photons are well understood at high P_ (pQCD)

Can we find indications of thermal radiation at lower PT?
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Thermal Photons?

« T1OF T AUTAL (O.20%) The first promising result
S e wmene T of direct photon measurement
O i at low P_from conversion
s | pair analysis
10"
= = ' .
=, i PHENIX Preliminary The rate is a_bove pQCD:
£107% - D. d’Enterria, D. Peressounko
: - nucl-th/0503054
10° /
- ~ If these photons are indeed
10 thermal, they can provide the
E T first direct measurement
ook thermal » of initial temperature of the
E pQCD + thermal matter:
1UB_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII TO — 590 Mev
O 05 1 15 2 25 3 35 4 45 5
pr(GeV /) T =0.15fm/c
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The system is
DENSE
and
STRONGLY COUPLED:

HEAVY QUARKS

A.Lebedev

NNZ2006 — Rio de Janeiro, Brazil — 08/28/2006
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Heavy Quarks

- Created during initial hard scattering

- Yield is insensitive to final state effects

- Sensitive to initial state temperature and gluon density
- Quarkonium suppression — QGP signature

Two ways to study heavy quark production in PHENIX:

- open charm: single electrons and muons (indirect measurement)
- subtraction of “photonic” electrons (mid-rapidity)
- converter method as a crosscheck
- single muons (forward and backward rapidity)
- subtract: muons from decays, punch-through and stopped hadrons

- quarkonium: J/y in dielectron and dimuon channels

- J/P are measured via di-lepton invariant mass,
combinatorial background subtracted.

See talk by Cesar Luis da Silva
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Heavy Quarks Energy Loss

: Au+Au @Ns = 200 GeV, 0-10% Centrality | — t@tstesiemor
Open charm is % 4FPHENIX PRELIMINARY ] croerointy i T
measured indirectly: “F B rcoricinty in pop ot
1 '2:_ (1) g _hat = 0 Geva2im
- measure all electrons =

- subtract electron
spectra expected from o.s
Dalitz decays of
mesons and from
conversions 0.4

- converter method as
a crosscheck

() dMg Fdy = 1000

e

2y g hat =4 GeW2fm

0.2

EII|!|||EII|!II|FI

of

Theory curves: i ' ;, [G4$Vfc1
(1-3) from N. Armesto, et al., PRD 71, 054027
(4) from M. Djordjevic, M. Gyullasy, S.Wicks, PRL 94, 112301

- The data suggest large charm-medium cross section
- Matter is so dense and strongly coupled that even
heavy quarks are suppressed
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Heavy Quarks Flow

L B L 7

25 - PHENIX prel (min bias) — c+breso -
205 Au-Au Vs=200 GeV (b=7 fm) c+b PQCD_f Charm flows, but flow is not

: — Creso 1 go strong as for light mesons

c only

15F

[%]

10}

vV

Drop of the flow strength
at high p;: b contribution?

pr [GeV]

Theory curves above for HQ resonance rescattering:
Van Hees, Greco, Rapp, Phys. Rev. C73:034913

The matter is so strongly coupled, that even heavy quarks flow
Flow of J/Psi?
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JIY suppression at RHIC

Debye screening predicted to destroy J/P’s in a QGP
- Recombination (coalescence) can compensate for screening?

- J/Y not screened at all? Suppression due to less feed-down
from melted higher resonances?

K¢ (059 fm)

NA50 anomalous ‘ . i ] _;

| : Y (056 fm) B
suppression ‘ " :
i Ao Debye length from lottice QCD

T B 0’

@
@
@

-

B, 60/ 6(DY), 5 10

350 | I | led to 158 GeV I .
Absorption curve rescaled to 158 GeV with: / J
LO calculation for DY 7 ] r 0,29f b
300 { Schuler p:ut':um:llri.{ali::—fﬂr Ty — ' ‘ 0.3 g J W( m) ]
250 G, =43+03mb ] ‘ o2 _:
: mu—E | E ' : ; é@ T (0,13 m) :
BRI it DY, resaling it MRS 43 Color Screening 01 f T ]
150 ] 1 ‘ o i i TR : ]
; ++ ++ + * ; 0 L 111 1 | 1111 ‘ | | | I | L1 11 | 111 1 | 1111 ‘ I_
100 "ty ] 1 15 2z 25 3 35 4 45
1 & Pb-Pb 2000 . T,
S0 * Pb -Pb 1998 -
o : Recent lattice caculations

0 20 o e S0 100 130 1o predict even higher meling
temperature for J/P (>2T C)
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JIY suppression at RHIC - the results

Models that reproduce NASO
results predict too much 45
suppression at RHIC

PHENIX 200 GeV J/y -- Preliminary

—— Rapp direct @ CuCupu
—— Capella 1 mb CuCu ee

— - Capella3mb »  CuCu pu 62 GeV

@
L__
—— Satz percolation (with CNM added) B AuvAupuu
B AuAuee
L 4

Rapp: direct production with CNM
effects, no regeneration.
Grandchamp, Rapp, Brown
hep-ph/0306077

Capella: comovers with normal
absorption shadowing.
Capella, Ferreiro,
hep-ph/0505032

Satz: color screening in QGP with i
CNM added. Digal, Fortunato, Satz, .
hep-ph/031354 0.0

0

| |
100 200 300 400
part
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JI) suppression
models with recombination/coalescence

Models with suppression plus
recombination/coalescence
work much better!

1.5

Alternative explanations:
Sequential screening of the

1.0
higher mass resonanses
down to J/y Ra
To understand J/ 05/

suppression at RHIC we need
more charmonium

measurements. ', X ., J/Y

L 0.0
polarization, flow...

PHENIX 200 GeV J/y -- Preliminary
| | |

—— Rapp total (y=0) (2]
« = Rapp direct (y=0) ®

CuCu pu
CuCu ee

— = Rapp regen (y=0) &  CuCupy 62 GeV
-—. Thews T =0.3 GeV, pQCD NLO charm B AvAupp

- —— Thews T =0.4 GeV, pQCD NLO charm B AuAuee

' Thews T, = 0.5 GeV, pQCD NLO charm 40 dAu

Thews

Eur'.Physig C43, 97 (2005)

——— e — — i
— — — i
e

SR S e
o Fd S Grandchamp, Rapp, Brown |
o T PRL. 92, 212301 (2004)
I | | |
0 100 200 300 400
part

A.Lebedev
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The Future of PHENIX

- Hadron Blind Detector: low mass electron pairs

separation of b/c, direct open charm
- Aerogel and RPC TOF: PID to higher P_

- Nosecone Calorimeter : forward rapidity photons, 1
- Forward Muon Trigger: high P_ trigger

Forward (Nosecone)
W-$i Calorimeters

R3

Muon
Spectrometar

Nose Cone_
Calorimeter

Forward
Silicon
Tracker
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Conclusions

- Significant flow is observed for all particles, flow scales with
eccentricity and n; the matter is thermalized and partonic

- Hadrons are strongly suppressed up to 20 GeV/c
Not an initial state effect. Suppression at partonic level.
The matter is dense, strongly coupled, and partonic

- Jets are modified and split: the matter is dense

- Direct photons are abundantly produced; an indication
of thermal photons at intermediate P_: the matter is hot

- Charm is suppressed, charm flows: the matter is dense and
strongly coupled

- J/Y are suppressed, magnitude of suppression can be
explained by recombination, but other explanations possible:
the matter is dense
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See talks by Vale, da Silva, and Enokizono for more details
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Jet quenching vs centrality and system size
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Direct Photon Flow

Depending on direct photon source, v, should be:

- jet-photon conversion, bremstrahlung: negative  Identified p0 = red
- jet-fragmentation: positive :o"rf(')‘:j:l"se _g'};’l:‘;"s = black
- thermal: positive . .
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Consistent with v,=0 for direct photons
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Regeneration or sequential screening?

PHENIX suppression looks the same
as NAS5O at ~10 times collision energy
and ~2-3 times gluon density at RHIC

regeneration compensates
for stronger suppression?

OR

Sequential screening of the higher mass

resonanses down to J/y, with J/{ itself
still not dissolved (recent lattice

calculations give TW >2T.)
Karsch, Kharzeev, Satz, Phys. Lett. B637:75

Theory curves below: cold matter effects
R.Vogt, nucl-th/0507027

solid red: shadowing + absorption 6 = 1mb

dashed red: shadowing + absorption o= 3mb

blue: simple absorption o = 4mb
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Regeneration should result in rapidity narrowing — not observed
J/Y flow? If regeneration dominates J/Y should inherit flow from charm quarks
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Dielectrons

minimum bias Au+Au @ \s = 200 GeV

200 GeV
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No enhancement above
what is expected from decays

Consistent with theoretical
calculations, including chiral
symmetry restoration
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Upsilons

PHENIX 200 GeV p-p
Upsilon -> 'y
104 [ I
@ PHENIX uu EXTRAPOLATED to y=0
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B 10 1st Upsilons at RHIC from ~3pb-
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Thermal Photons?
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Alternative explanations:

Sequential screening of the higher mass resonanses down to J/, with J/ itself still not dissolved
(recent lattice calculations give T /¢>2T o)

Karsch, Kharzeev, Satz, Phys. Lett. B637:75



